A spray-dried powder containing Bacillus megaterium was developed and tested for control of rice sheath blight disease in the greenhouse. The formulation consisted of 20 ml of an endospore suspension of B. megaterium, 20% w/v of skim milk powder and 1.25% w/v of polyvinyl pyrrolidone k-90, that were mixed and spray dried at 120 °C. The powder displayed good physical characteristics, such as a low-moisture content and a high solubility in water. Bacterial viability in the powder was 3.5±0.1 × 10 11 cfu/g after production and remained relatively stable (at 2.2±0.1 × 10 10 cfu/g) after 12 months of storage at room temperature. In the laboratory, a 0.1% (w/v) aqueous solution of the formulation was effective in inhibiting the mycelia growth of Rhizoctonia solani (98.5±0.1% inhibition). Under greenhouse conditions, a 0.1% (w/v) aqueous solution applied by either spraying 1 day before inoculating R. solani or spraying 1, 7 and 15 days after inoculation of rice plants with R. solani was more effective in suppressing sheath blight disease than the blank formulation but was less effective than a chemical fungicide control.
Introduction
Rice sheath blight, caused by Rhizoctonia solani, is one of the most destructive rice diseases in Thailand, especially in the areas where rice has been cultivated continuously. In high-input and high-production environments, sheath blight disease accounts for a 6 to 10% loss annually in both temperate and tropical regions of Asia (Savary et al. 2000) .
Biological control with bacteria or fungi has been established as a key method to combat rice sheath blight disease (Gnanamanickam et al. 1992; Kumar et al. 2013; Naeimi et al. 2010; Mosquera-Espinosa et al. 2013) . Technical difficulties in transforming a fresh culture of the selected control micro-organisms for an effective delivery to a potential disease site continues to limit the ability to effectively control plant diseases. These technical difficulties and the limited amount of research in formulation development means there are still no effective standard procedures for introducing antagonists to control sheath blight disease in the market. Rice farmers therefore have few biological options and must use chemical fungicides.
There has recently been increased research and development in producing formulations of antagonists for the control of sheath blight disease of rice (Kanjanamaneesathian et al. 2009; Kumar et al. 2013) . Suspensions of control bacteria produced in bulk by normal industrial fermentation have been investigated and employed to control diseases of rice in the People's Republic of China. However the inherent characteristics of this simple product may restrict its shelf life, and requires that it be used immediately after production.
In order to prolong shelf life, increase efficacy and allow for commercialization of a formulated antagonist, it is important to keep the bacterium in a dormant state, while maintaining its viability. In the case of a Bacillus species this may simply require the formulation of a suitable preparation of viable spores.
Spray-drying can be an efficient method for transformation of aqueous suspensions of biological materials into solid materials (Conrad et al. 2000) . Spray-drying has been routinely used for the preservation and concentration of microorganisms (Desmond et al. 2001) . This technique has also been used for preparing starter cultures in the agricultural industry (Johnson and Etzel 1995) and for other bio-products (To and Etzel 1997a, b) . The product of the spray-drying method that contained high numbers of viable microorganisms is desirable for use in various commercial applications, such as preserving food (Ananta et al. 2005) , agricultural products (Horaczek and Viernstein 2004) , pharmaceuticals (Boza et al. 2004; Zamora et al. 2006) and to control plant disease (Yánez-Mendizábal et al. 2012) .
However, spray-drying can damage cells through heat shock and the abrupt removal of water from cells, leading to cell shrinkage and desiccation. To reduce or prevent these adverse effects, protective agents such as skim milk and polyvinyl pyrrolidone (PVP) have been investigated for their potential to maintain the viability of the microorganisms during spray drying (Abadias et al. 2001; Bühler 2001) .
Skim milk powder has been reported to preserve cell viability by protecting cells from the abrupt loss of free water and changes in temperature during storage (Burges 1998; Selmer-Olsen et al. 1999) . PVP is also a useful formulation excipient, as it is a binding powder, can form films, acts as an excellent bulking agent and increases the viscosity (Bühler 2001) .
In this study, a Bacillus megaterium isolate known to control sheath blight disease was subjected to spray-drying in the presence of skim milk powder and PVP as the main carriers. The spray-dried powder was evaluated for its physical characteristics, and the viability and efficacy of B. megaterium to control sheath blight disease in a pot experiment.
Materials and Methods

Materials
Skim milk was obtained from Merck (Darmstadt, Germany) and polyvinyl pyrrolidone k-90 (PVP, k-90) was supplied by Fluka (Buchs, Switzerland). Iprodione (Rovral ® Fungicide) was from Bayer Crop Sciences (Victoria, Australia). Plate count agar (PCA) (DifcoÒ) was from Becton Dickinson and Company (New Jersey, USA). Potato dextrose agar (PDA) was prepared using 200 g of potato, 20 g of dextrose, 17 g of agar and 1 litre of distilled water. B. megaterium and R. solani were obtained from the Laboratory of Biological Control Agent Formulation, Prince of Songkla University, Thailand (Kanjanamaneesathian et al. 1998 ).
Preparation of bacterial endospore suspension
A suspension of B. megaterium endospores was prepared as described by Chumthong et al. (2008) . The bacterium was cultured in potato dextrose broth (PDB) at 30-35 °C, stirring at 200 rpm for 4 days, and bacterial cells at the stationary growth stage were separated by centrifugation at 3,000 rpm for 10 min. The isolated cells were washed 3 times and re-suspended in sterile distilled water (1:2 v/v). The cells were incubated in a water bath at 80 °C for 20 min to kill the vegetative cells. The endospores of B. megaterium were enumerated on plate count agar (PCA) using a drop on plate technique (Zuberer 1994) . The plates were incubated at 37 °C for 1 day after which colony-forming units (cfu) were counted. The viable bacterial concentrations (cfu/ml) recorded were the average of four replicate plates from each dilution.
Preparation of powder formulations using spray-drying
Three bacterial formulations (BM100, BM120, BM140) were prepared by spray-drying with inlet temperatures of either 100, 120 or 140 °C, using a spray dryer Flawil, Switzerland) . The formulation was composed of 20% w/v of skim milk powder (50 ml), 1.25% w/v of PVP K-90 (30 ml) and 20 ml of a suspension of bacterial endospores. The outlet temperature for all formulations was in the range 52.0-71.5 °C. The feed spray rate was varied from 3.1-3.2 ml/min, depending on the level of the inlet air temperature. The powder was stored in sterile plastic tubes at room temperature. B. megaterium in the spray-dried powder was enumerated at 1 month intervals for 12 months.
Viable bacterial counts in the formulations were determined using the drop on plate method (Zuberer 1994) . A 0.1% suspension of each bacterial formulation was prepared in sterile distilled water (n = 3). The viable bacteria were cultured on PCA at 37 °C for 18-24 h after which the cfu was counted. The value (cfu/g) of viable bacteria was the average of six drops per dilution.
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The inhibition of mycelial growth of R. solani by B. megaterium powder formulations was evaluated as described by Wiwattanapatapee et al. (2007) after production and during storage at room temperature (26-30 °C) in plastic containers for 12 months. One g of the bacterial granules was dissolved in 99 ml of sterile distilled water. One ml of this solution was sampled and mixed with melted potato dextrose agar (PDA) at 1:10 (v/v) in Petri dishes (9.0 cm diameter). An agar block of growing R. solani was cultured on PDA that had been incorporated with a suspension of the bacterial formulation to test for the inhibition of R. solani mycelial growth. Each treatment consisted of six replications. Cultures of R. solani on PDA incorporated with sterile water were used as a control. Mycelial inhibition of R. solani was assessed as % mycelial inhibition 36 h after culturing R. solani [Equation (1)] (Gamliel et al. 1989 ).
In equation (1), r is the colony radius of R. solani on PDA incorporated with 1% solution of bacterial formulation and R is colony radius of R. solani on PDA incorporated with sterile water.
Efficacy of the bacterial powder in controlling sheath blight disease in the greenhouse
Soil for growing rice in the greenhouse was prepared as described by Kanjanamaneesathian et al. (1998) . Soil samples were loaded into plastic pots (21 cm in diameter and 18 cm in height) and the pot was filled with tap water until the soil was soaked. The water level was maintained above the soil level. After 72 h, the soil was agitated manually to break up aggregates and excess water was drained. Soil level in the plastic pots was adjusted to a height of 14.5 cm and a 3.5 cm depth of water was retained in each plastic pot. There were seven treatments, and each treatment consisted of six pot replications (with 3 plants/replication). Rice plants (cv. RD-23) inoculated only with R. solani were used as Blank Sprayed with 0.1% w/v aqueous blank formulation without bacterial endospores (100 ml/pot) BM120-b Sprayed with a 0.1% w/v aqueous formulation 1 day before pathogen inoculation (100 ml/pot) (4.7 × 10 10 cfu/pot) BM120-b,a Sprayed with a 0.1% w/v aqueous formulation 1 day before pathogen inoculation and 1, 7 and 15 days after pathogen inoculation (100 ml/pot) (4.7 × 10 10 cfu/pot) BM120-a Sprayed with a 0.1% w/v aqueous formulation 1, 7 and 15 day after pathogen inoculation (100 ml/pot) (4.7 × 10 10 cfu/pot) Table 1 . Assessment of the efficacy of the formulations to control sheath blight was conducted 90 days after transplanting the rice seedling to the pot. Before disease assessment, roots of the rice plants were washed to eliminate excessive soil. These roots were later cut and discarded and the aboveground portions of the rice plants were used for sheath blight disease assessment. Disease was assessed by measuring the lesion length and the average lesion length/tiller was calculated (n = 6). The percentage relative lesion height (% RLH) was calculated [Equation (2)] as described by Anh et al. (1986) (n = 6).
In equation (1), Li is the length of the lesion and Lt is the length of the rice tillers.
Statistical analysis
Data were subjected to one-way analysis of variance and was carried out on the mean values of the lesion length (n = 6) and the mean values of the percentage of tillers (n = 6) showing sheath blight symptoms. Data were compared with Duncan's Multiple Range Test (DMRT) at P < 0.01 or P < 0.05.
Results
All bacterial powder formulations (at 0.1% w/v) were completely dissolved in water within 3-7 min following stirring at 250 rpm at room temperature. The percentage yield was highest, at 33.9±0.0% (n = 3), when the formulation containing the bacterial suspension was subject to the inlet air temperature at 120 °C (Table 2) .
Dissolution time
0.1 percent of each powder formulation was dissolved in distilled water, at room temperature (26-30 °C). The powders were stirred at 250 rpm until they were completely C.V. (%) 3.3** 0.9** 9.6** 6.9** 0.4** *Spray-nozzle diameter, 0.7 mm; aspirator, 50%; pump, 10%; flow of compressed air, 700 N l h -1 . **Means followed by the same letter are not significantly different by Duncan's Multiple Range Test at P < 0.01. ***Moisture content: The moisture content was determined in a hot-air oven at 60 °C, until constant weight was reached. Three replicates were performed for each formulation.
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Yield
Percentage yield was calculated [Equation (3)]. Three replicates were performed for each formulation. Formulations with a yield of more than 30% were chosen for further studies.
% Yield = (outlet weight/inlet weight) × 100 (3)
Enumeration of viable bacteria in the spray-dried powder formulations
The number of viable bacteria in the BM100, BM120 and BM140 formulations was 3.6±0.0 × 10 12 , 3.5±0.1 × 10 11 and 2.9±0.2 × 10 11 cfu/g (n = 3), respectively. The numbers of bacteria remained high after the formulation was produced and stored at room temperature for 12 months (Table 3) . Although the lower outlet air temperature (100) during the spray drying resulted in a higher bacterial viability than at a higher temperature, the effects of its higher residual moisture content may have caused some loss of bacterial viability (Table 3 ) and the formulation was denatured over the 12 month period (such as coagulation and colour change, data not shown) during storage at room temperature.
Inhibition of R. solani mycelial growth
The bacterial formulations had high ability to inhibit the mycelial growth of R. solani on plates after preparation (more than 90% (n = 3) mycelial inhibitions), even though the tests were carried out after 12 months of storage at room temperature (Table 4 ). The differences in activity against mycelium growth of R. solani of each formulation was not significant, but significantly different from control at P < 0.01 (Table 4) .
Greenhouse test
In the greenhouse tests, spraying an aqueous solution (0.1% w/v) of the 120 °C powder formulation containing endospores of B. megaterium 1, 7 and 15 days after inoculation with the pathogen (4.7×10 10 cfu/pot) was effective in suppressing sheath blight disease (Table 5) . A similar aqueous solution of the control formulation (without B. megaterium) did not control sheath blight in the pot test. However, the chemical fungicide (0.15% Iprodione) was better than the powder formulation when the numbers of lesion/tiller, lesion length and % severity were assessed (Table 5) . 
Discussion
Although the spray-dried product of Bacillus sp., especially B. subtilis (Yánez-Mendizábal et al. 2012) , has been devised and tested to control insect pests and plant disease, a spraydried product of B. megaterium has not previously been formulated and tested for the control of rice sheath blight disease.
In the present work we have reported the protocol and appropriate ingredients used for producing a stable spray-dried powder of B. megaterium. The spray-dried product with bacterium produced at the regime of inlet air temperature of 120 °C gave highest yield and possessed other beneficial characteristics, such as low moisture content and short dissolution time (Table 2) .
Our spray-dried formulation showed satisfactory physical characteristics ( Table 2 ) and verified that skim milk powder and PVP were appropriate carriers that could be used for spray drying. Skim milk powder has been reported to possess both thermal conductivity and diffusivity, and attributing it to having beneficial characteristic in protecting bacterial cells against any abrupt temperature change. Lian et al. (2002) have also attributed the high survival of bifidobacteria to 10% w/v skim milk powder. A stable and effective formulation of B. subtilis CPA-8 was obtained by spray-drying in the presence of 10% skimmed milk powder and PVP as carriers and protecting agents (Yánez-Mendizábal et al. 2012) .
The air temperature at the inlet and outlet of the spray drier affected the viability of bacteria in the spray dried powders (Johnson and Etzel 1993) . The end product of the spray-dried formulation subjected to the inlet air temperature at 100 °C contained the highest number of bacteria at 3.6±0.0 × 10 12 cfu/g (Table 3 ). As a consequence, there was a trade-off between the physical characteristics (moisture content and dissolution time) and the numbers of bacteria. The spray-dried product, providing the highest yield and possessed other beneficial characteristics, such as a low moisture content and a short dissolution time (Table 2) , had a relatively lower number of viable bacteria 3.5 × 10 11 (Table 3) . Boza et al. (2004) reported that a reduced outlet air temperature contributed to the increase in viability of Beijerinckia sp. To and Etzel (1997b) also confirmed that a high survival of Brevibacterium linens could be attained when the outlet air temperature was maintained below 57 °C. The drying temperature cannot be infinitely decreased as the moisture content of the spray-dried product may increase significantly.
In the present study, when the spray-dried product with bacterium was produced with an inlet air temperature at 140 °C, an outlet air temperature below 72 °C was observed (Table 2) . At this temperature regime, the end product still possessed a high number of viable bacteria (Table 3 ). This indicated that the chemical agents and proportion of the ingredients used in conjunction with the inlet and outlet air temperatures were suitable to maintain bacterial viability and their ability to inhibit mycelial growth of R. solani (Table 4) .
The effect of high residual moisture content in the product may also contribute to both the degradation of the product and the decrease of bacterial viability. The physical proper-ties of BM100, which had the comparatively higher moisture content (0.23%), exhibited different characteristics. The product formed aggregates and was discoloured. The bacterial viability in BM100 formulation decreased faster than that of BM120 and BM140 formulations during the 12-months storage at room temperature (Table 3) . However, the aggregation and discoloration of a spray-dried product of BM100 with reduced bacterial number (Table 3) did not affect its capacity to inhibit mycelial growth of R. solani (Table 4) .
In the greenhouse, a chemical fungicide was more effective than any of the formulations in suppressing sheath blight severity when average lesion length/tiller and relative lesion height (RLH) were evaluated ( Table 5 ). The fact that spray-dried products were as effective as the fresh cells of the bacterium in suppressing sheath blight disease confirmed that the protocol used for devising the spray-dried product in this study had no effect on both the viability of the bacterium and the capability of the bacterium to suppress disease development.
